
Research Article Vol. 12, No. 10 / 1 Oct 2021 / Biomedical Optics Express 6129

In vivo harmonic generation microscopy for
monitoring the height of basal keratinocytes in
solar lentigines after laser depigmentation
treatment
PEI-JHE WU,1,2 SHENG-TSE CHEN,1 YI-HUA LIAO,3,4 AND
CHI-KUANG SUN1,2,*

1Department of Electrical Engineering and Graduate Institute of Photonics and Optoelectronics, National
Taiwan University, Taipei 10617, Taiwan
2Molecular Imaging Center, National Taiwan University, Taipei 10617, Taiwan
3Department of Dermatology, National Taiwan University Hospital and National Taiwan University
College of Medicine, Taipei 10002, Taiwan
4yihualiao@ntu.edu.tw
*sun@nu.edu.tw

Abstract: The development of solar lentigines (SLs) is related to chronic ultraviolet exposure-
induced cell senescence. We have previously demonstrated that basal keratinocyte enlargement
is a morphological hallmark of skin senescence correlated to the process of skin aging, while
clinical studies on the long-term monitoring of the cellular morphological changes in SLs after
laser treatment are lacking. In this study, we have developed the harmonic generation microscopy
(HGM) for in vivo monitoring the height of basal keratinocytes (HBK) and had administered
Q-switched ruby laser or picosecond 532-nm Nd:YAG laser treatment on each side of the face
of 25 Asian patients with facial SLs, respectively. In vivo HGM imaging was conducted to
longitudinally analyze HBK and the horizontal cell size (HCS). Before treatment, the HBK was
significantly higher in the SLs lesional area than that in the adjacent normal region, whereas
there was no significant difference in the HCS. After treatment, the lesional HBK remained
significantly higher than normal skin regardless of the laser treatment used. Our study indicates
that the basal keratinocytes remain abnormal after laser treatment and demonstrates the capability
of in vivo HGM for longitudinal, quantitative monitoring of cell senescence and therapeutic effect
in SLs.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Solar lentigines (SLs) are well-demarcated brownish macules found especially on the sun-
exposed/photoexposed skin [1]. It is a common hyperpigmentary skin disease, occurring with
an extremely high prevalence of approximately 90% among older Caucasians and 70% among
Asians and thus has resulted in a high demand for cosmetic treatment [2]. One therapeutic option
for skin pigmentation conditions is laser treatment, with the Q-switched ruby laser (QSRL) being
particularly successful in the removal of pigmented lesions and having a relatively lower rate of
adverse events among all melanin-selective QS lasers [3–6]. Recently, the picosecond laser has
also been applied in the treatment of SLs [7]. Although laser depigmentation treatments appear
to be effective for removing the accumulation of melanin, their long-term efficacy in treating SLs
is not as perfect, and the underlying pathogenesis of SL remains unclear [8–10]. To investigate
these issues clearly, treatment assessment should rely on histopathological examinations rather
than on clinical evaluations based on the photographic records of skin appearance.

Despite the fact that the mechanisms of SL development remain unclear, it is well known
that chronic sun or ultraviolet radiation exposure stimulates melanosome transfer and causes the
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deposition of melanin in basal cells, which are the critical factors for the pathogenesis of SLs
[11,12]. A recent study had indicated that skin senescence contributes to the development of
SLs [13]. Shin et al. [14] pointed out that immunostaining for p16, a marker of senescence, was
positive in facial skin biopsy samples from Asian patients with SLs, suggesting the involvement
of this cellular process in this skin condition. Moreover, a comparative quantitative analysis
of basal keratinocytes revealed the aging cells to be larger in size than the younger cells [15],
which probably results in a higher melanin burden. Thus, enlarged keratinocytes could be a
morphological hallmark of senescence in SL lesions. However, to the best of our knowledge,
the histopathological studies of SLs in the literature have mostly focused on the observation of
melanin clearance after laser treatment, and there are no studies that have completely investigated
the morphological changes in basal keratinocytes in SLs.

Currently, the histopathological examination of skin biopsies is the gold standard for the
evaluation of cellular morphological changes in dermatological studies. However, the use of
skin biopsies has several limitations, such as its invasive nature and unsuitability for the study of
cosmetic disorders as well as the incapability of following the treatment outcome on the same
spatiotemporal points longitudinally. By contrast, stain-free, label-free, real-time in vivo imaging
techniques would allow the observation of histopathological changes in human skin, provide
images with microscopic details for both quantitative and qualitative analyses, and facilitate the
long-term tracking of the same sites.

In this study, we first showed that by combining en face harmonic generation microscopy
(HGM) images optically sectioned at different depths, one can accurately determine the height
of basal keratinocytes (HBK). HGM was then applied in vivo for long-term monitoring of the
histological characteristics of basal keratinocytes in patients with SLs, before and after two types
of laser treatments, in order to elucidate the pathogenesis of the disease. The morphological
parameters examined include not only the HBK but also their horizontal cell size (HCS). To
avoid bias from the specific laser treatment, each recruited patient received two types of laser
treatment; one facial side was treated with QSRL and the other side was treated with picosecond
Nd:YAG laser (PSNYL). The reliability of the HGM system for measuring the HBK and HCS
was histologically validated through ex vivo analysis. Our findings support the use of in vivo
HGM for the long-term monitoring of SLs treatment and suggest that basal keratinocytes remain
abnormal long after laser treatment.

2. Experimental section

2.1. Study population

This prospective clinical trial was conducted according to the Declaration of Helsinki and
approved by the research ethics committee of the National Taiwan University Hospital (no.
201612113DINC). Asian patients with SLs on the face were recruited for the study. We excluded
subjects who had chronic inflammation on the face, previous treatment on the lesions, pregnancy
or breastfeeding, and frequent sun exposure (>4 h per day). In total, 25 patients (1 male and
24 females; age range: 46–78 years) with Fitzpatrick skin phototype III or IV and having SLs
lesions of at least 4 mm on both sides of the face were enrolled after informed consent had been
obtained. The in vivo HGM imaging was performed at the Molecular Imaging Center of National
Taiwan University.

2.2. Laser treatments

All patients received laser treatment at the Department of Dermatology, National Taiwan
University Hospital. First, a split-face area was delimited on each patient. Then, one facial side
was treated using a 694 nm QSRL (Sinon; WaveLight, Erlangen, Germany), with a spot size of
5 mm, fluence of 5.5 J cm−2, and speed of 1 Hz over a single pass. The laser pulsewidth was 20 ns.
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The other facial side was treated using a 532 nm PSNYL (Picoway; Syneron Candela, Irvine,
CA, USA) with a spot size of 4 mm, fluence of 0.5–0.6 J cm−2, and speed of 1 Hz over a single
pass. The laser pulsewidth was 375 ps. All patients were instructed to apply 1% tetracycline
hydrochloride ointment to the treated areas twice daily until the crusts had peeled off. The use
of sunscreen with a sun protection factor of 50+ as well as sun avoidance throughout the study
period was requested.

2.3. Harmonic generation microscopy (HGM)

In HGM, the central wavelength of 1262 nm not only is located within the transmission window
of human skin but also avoids absorption by melanin and skin scattering, thus allowing a
penetration depth of more than 300 µm [16]. A schematic of the in vivo HGM system for the
clinical trial is shown in Fig. 1. A 1262 nm Cr:Forsterite laser [17], with a 105 MHz repetition
rate and 91 nm bandwidth, was used as the excitation source, and double-chirped mirrors were
applied to control the optical dispersion [18–20]. The laser beam was collimated, and its size
was reduced by a telescope at the same time and light-guided (1.25 Series Laser Articulated
Arms; LaserMech, Michigan, USA) into galvo-resonant mirrors (Laser Scanning Essentials Kit;
Thorlabs, Newton, NJ, USA) to perform 2D scanning. For the acquisition of high-resolution
images, a 1.15 numerical aperture objective (40×; working distance: 250 µm; UApo N 340;
Olympus, Tokyo, Japan) was used to focus the laser beam onto the skin. The backward epi-second
harmonic generation (epi-SHG:∼630 nm) and epi-third harmonic generation (epi-THG:∼420 nm)
signals were collected from each en face in vivo skin image using the same objective and were
received by two separate photomultiplier tubes (R928 for epi-SHG, and R4220P for epi-THG;
Hamamatsu Photonics, Hamamatsu City, Japan). The objective was attached to a 3D step motor
(TSDM40-15X, Sigma Koki, Japan) such that the position of the objective could be adjusted by
both manual and electrical controls. The imaging plane was moved to different depths by tuning
the 3D stage along the optical axis. Following a similar pulsewidth measurement and dispersion
control [18], the pulsewidth after the objective was estimated to be 28 fs. THG transverse and
axial resolutions were approximately 0.4 and 0.7 µm, respectively [16].

2.4. Imaging procedure

All the in vivo HGM image stacks were acquired using the same protocol. In brief, the 3D image
stacks for each patient were acquired from three different positions on the face, namely, from a
normal region and from the SLs lesions on the left and right facial sides. For registration, we
took photographic records before and after the HGM imaging. The average power of the laser
source after the objective was 100 mW. Moreover, the voltages of the photomultiplier tubes for
the epi-SHG and epi-THG modalities were set at 700 and 650 V, respectively. The en face in
vivo HGM image stacks had a 235 × 235 µm field of view with 512 × 512 pixels. The 14 bit 3D
image stacks, each comprising 110 depth-dependent 2D images with two channels, were obtained
through the epidermis and upper dermis. In this study, we choose 1.8 µm as the z-step size for
optical section. The acquisition time was approximately 0.38 second per averaged image, after
averaging 5 frames at a fixed depth with a 15 Hz frame rate. To acquire a 200-µm-depth stack, it
took 110 steps (under the 1.8 µm step size) with 40 seconds in total. The allowed acquisition time
for one patient was less than 30 min. For photodamage evaluation and discussions, please consult
Ref. [21]. In this present study, no erythema, pigmentation, or blister formation was found on
the examined skin. Moreover, we adopted a vacuum-pump adaptor [22] to fix and stabilize the
relative position of the imaged skin and microscope, to avoid motion artifacts. A representative
en face in vivo HGM image stack of the normal skin is presented in Fig. 2, beginning from the
stratum corneum and through the stratum granulosum, stratum spinosum, stratum basale, and
papillary dermis to the upper reticular dermis.
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Fig. 1. Schematic showing the 1262-nm-based harmonic generation microscopy system,
adapted from a commercial laser scanning system from Thorlabs. BPF: bandpass filter;
DBS: dichroic beam splitter; ND: neutral density; PMT: photomultiplier tube.

2.5. Analysis protocols

2.5.1. Height of basal keratinocytes (HBK)

For the quantitative analysis of the HBK, we conducted two inspection procedures to ensure
all in vivo HGM image stacks with any longitudinal and lateral motion artifact in the imaged
basal layers were excluded as being invalid. A preliminary inspection will be performed after
we acquired the HGM images immediately. If there was an obvious motion blur, the image
stack will be excluded and the HGM images will be acquired again. The second inspection
will be performed when analyzing the clinical data, and HGM images with lateral and/or axial
motion artifacts in the basal layer were recorded and excluded. Each valid image was divided into
nine equal square regions, and one basal cell from each region was randomly chosen for HBK
measurement. The basal cells are located in the basal layer (the deepest layer of the epidermis),
and the basal layer is only composed of a single layer of basal cells. As shown in Fig. 3, the
definition of the first layer of HBK as the layer that the supranuclear melanin cap of the basal
cell was firstly seen [Fig. 3(c)] through THG. The definition of the last layer of HBK was the
previous layer of a layer that the THG signal of the same basal cell firstly disappeared [Fig. 3(n)].
The number of the last layer from the number of the first layer was then subtracted and multiplied
by the z-step size (1.8 µm) of the optical section. Then, the HBK of the represented basal cell for
each square region was obtained. The HBK values of the nine cells were then averaged, and the
mean HBK for each image stack was acquired. The HBK of each state was the average of three
qualified image stacks for each patient.
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Fig. 2. Representative en face in vivo harmonic generation microscopy image stack of
human facial skin at different depths obtained by combining the epi-second harmonic
generation (green) and epi-third harmonic generation (magenta) signals. The step size of the
horizontal axis of the automatic step motor was 1.84 µm. Scale bar= 50 µm. SC: stratum
corneum; SG: stratum granulosum; SS: stratum spinosum; SB: stratum basale; PD: papillary
dermis; RD: upper reticular dermis.
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Fig. 3. One representative 3D THG image stack of solar lentigo composed by a series of en
face in vivo harmonic generation microscopy images optically sectioned at different depths.
From (a) to (p), the plane of observation starts from the suprabasal layer and moves toward
the dermis. In (c)–(n), the height of a basal cell (yellow arrow) is shown. Scale bar= 20 µm.
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2.5.2. Horizontal cell size (HCS) of basal keratinocytes

At least three continuous images at the dermal–epidermal junction were randomly selected for
each in vivo HGM image stack. With a system depth resolution much smaller than the cell height,
the observed HCS of a cell would vary with the observation depth. To ensure that the central
region, with the widest cell size, of a cell cross-section was chosen, the first 10 cells with the
largest cross-sectional area in each image were selected for measuring the cell areas [16,23].
For images with less than 20 segmented cells, only the 5 largest cells were chosen. For each
image, the cytoplasm of the basal cell at the innermost layer of the epidermis was segmented and
analyzed on the basis of the epi-THG contrast information (Fig. 4). For cell segmentation, please
refer to Ref. [24]. Blurred image stacks attributed to motion artifacts or images with fewer than
10 cells segmented were excluded, and manual removal of apparent non-basal cell segmentations
was carried out. The HCS of each state was the average from three qualified image stacks for
each patient.

Fig. 4. (a and d) Representative images of harmonic generation microscopy to be analyzed
from the solar lentigo (SLs) and normal regions. (b and e) The magenta parts (THG)
represent the cytoplasm and the yellow parts surrounded by the segmented cytoplasm are
the nuclei. (c and f) The mean of the horizontal cell size (HCS) of the basal keratinocytes
from 10 largest cross-sectional areas is 92.18 µm2 in the SLs region and 96.31 µm2 in the
normal region. (Reference [24]) Scale bar= 50 µm.

2.6. Ex vivo histological validation of the HGM system

To confirm the reliability of the HGM system for measuring the HBK and HCS in SLs, we
conducted an analysis to statistically compare the results between ex vivo HGM image stacks
and hematoxylin and eosin (H&E) staining images of the same human skin specimen. Fresh
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skin tissues were obtained from the National Taiwan University Hospital. This experiment
was approved by the research ethics committee of the National Taiwan University Hospital (no.
201804100DINA).

2.7. Ex vivo analyses of the HBK

Two types of tissue samples (normal human thigh skin tissue and normal armpit skin tissue)
were obtained and embedded in normal saline under ambient temperature and then immediately
investigated. For quantitation of the HBK, five different positions on each skin tissue were
randomly selected and ex vivo HGM image stacks were acquired. Furthermore, 10-µm-thick
continuous transverse sections of frozen or formalin-fixed tissue were obtained and immediately
stained with H&E according to standard procedures (conducted at the Laboratory Animal Center,
National Taiwan University College of Medicine, Taipei, Taiwan) and observed under a light
microscope (CM1950; Leica, Wetzlar, Germany). In total, 200 basal keratinocytes were randomly
selected from the ex vivo HGM image stacks and statistically analyzed. For the H&E staining
images, 234 basal keratinocytes from three different positions were selected, and their heights
were measured using ImageJ software (http://rsb.info.nih.gov/ij/), whose source code is freely
available and was written by Wayne Rasband at the National Institute of Health (Bethesda, MD,
USA).

2.8. Ex vivo analyses of the HCS of basal keratinocytes

Normal armpit skin tissue was obtained and processed further to obtain continuous horizontal
frozen sections of 10 µm thickness. Additionally, two frozen sections at the dermal–epidermal
junction were randomly selected, and ex vivo HGM image stacks were acquired. Furthermore,
H&E staining of the same sections was performed and observed under the CM1950 light
microscope. In total, 422 basal keratinocytes from the two skin sections were automatically
segmented on the ex vivo HGM images using the MATLAB program, and the removal of apparent
non-basal cell segmentations from the different images was then performed manually. For the
H&E staining images, 250 basal keratinocytes were randomly and manually selected using
ImageJ software.

2.9. Statistical analysis

All data gathered were subjected to decoding and were analyzed by blinded evaluators using SPSS
software (version 20.0; IBM, Armonk, NY, USA). Outliers of the morphological parameters
were determined with the SPSS program and were not considered in the statistical analysis. All
t-tests were two-sided. A P-value of less than .05 was considered statistically significant.

2.10. Quantitative analysis of en face in vivo harmonic generation microscopy images

En face in vivo HGM image stacks were captured from 25 patients with SLs at three different
stages (baseline: before treatment, week 3: 3 weeks post treatment, and week 6: 6 weeks past
treatment). The 3-week interval duration was determined by the epidermal turnover time [25].
Two morphological parameters relevant to basal keratinocytes (i.e., HBK and HCS) were then
determined from the images.

3. Results

3.1. Ex vivo analysis of the HBK

Validation of the HGM system on the basis of the HBK results was carried out by ex vivo imaging
and H&E staining using a normal armpit skin tissue and a thigh skin tissue. HBK was determined
by a series en face horizontal THG images as exemplified in Fig. 3, following the protocol
described in 2.5.1. For validation, the HBK height was compared to transverse sectioned H&E

http://rsb.info.nih.gov/ij/
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images of the same tissue. A representative H&E staining image is shown in Fig. 5. For the
armpit skin tissue, the mean HBK values from the ex vivo HGM image stacks and H&E staining
images were approximately 15.5± 0.7 and 14.5± 1.5 µm, respectively, with a percentage error of
6.5%. By contrast, for the thigh skin tissue, the mean HBK values from the ex vivo HGM image
stacks and H&E staining images were approximately 11.9± 1.5 and 11.1± 0.4 µm, respectively,
with a percentage error of 6.7%.

Fig. 5. Hematoxylin and eosin (H&E) staining images of (a, b) normal armpit and (c,
d) thigh skin tissues from a 30-year-old woman and an 84-year-old woman, respectively.
The mean values of the height of basal keratinocytes from the H&E armpit and thigh skin
sections were 15.1± 3.1 µm and 10.6± 1.5 µm, respectively, as measured using ImageJ
software. (e) The ex vivo HBK analysis results from unstained 3D HGM images and H&E
staining images. Statistical differences were tested using unpaired t-test. Scale bar= 50 µm.
NS: non-significant difference.

3.2. Ex vivo analyses of the HCS of basal keratinocytes

Validation of the HGM system on the basis of the HCS results obtained by ex vivo imaging
and H&E staining was carried out using skin frozen sections. As shown in Fig. 6(a–d), in the
first skin section, the mean HCS in the ex vivo HGM images was approximately 62.9± 1.5 µm2,
whereas that in the H&E staining images was approximately 65.4± 16.2 µm2, with a percentage
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error of 3.9%. For the second section, the mean HCS in the ex vivo HGM images was 69.7± 4.8
µm2, whereas that in the H&E staining images was 65.7± 24.1 µm2, with a percentage error of
5.7% [Fig. 6(e–h)].

Fig. 6. Comparison of the HCS of basal keratinocytes between ex vivo HGM images and
H&E staining images of normal armpit skin specimens from a 47-year-old male volunteer.
(a and e) Representative ex vivo HGM images (green: second harmonic generation signal;
magenta: third harmonic generation signal). (b and f) The cell nuclei and cytoplasm of the
basal keratinocytes were segmented automatically using MATLAB. (c and g) Representative
H&E staining images. (d and h) The cell nuclei and cytoplasm of the basal keratinocytes
were randomly and manually selected using the ImageJ software. Scale bar= 50 µm. HCS:
horizontal cell size; HGM: harmonic generation microscopy; H&E: hematoxylin and eosin.

3.3. In vivo analysis of the HBK

Figure 7(a) shows the comparisons of the average HBK values of all patients between the normal
and lesional regions, before and after different laser treatments. Before laser treatment, the HBK
in the SLs was significantly higher than that in the normal region for all 25 patients. At baseline,
the HBK of the target SLs on the left (mean±SD: 26.1± 3.7 µm) and right cheeks (25.9± 3.2
µm) was significantly higher than that of the normal skin (22.2± 1.5 µm; P <.001 in both groups,
paired t-test). After laser treatment, although there was a significant decrease in the HBK from
QSRL treatment (P= .02 at week 3), the value was still significantly higher than that in the
normal region on both sides of the face at week 3 (24± 2.8 µm for the QSRL-treated region;
23.9± 3 µm for the PSNYL-treated region; 22.4± 2 µm for the normal region; P= .03 and .05,
respectively, paired t-test) and at week 6 (24.1± 3.3 for the QSRL-treated region; 24.9± 2.7 for
the PSNYL-treated region; 22.6± 2.6 for the normal region; P= .02 and .002, respectively, paired
t-test).

3.4. In vivo analysis of the HCS of basal keratinocytes

No significant difference in HCS values was found between the lesional and normal regions
[89.3± 7.3 µm2 for the left side and 90± 6.4 µm2 for the right side in the lesional regions;
90.7± 4.5 µm2 for the normal region; Fig. 7(b)]. After both laser treatments, there was still no
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Fig. 7. Morphological parameters relevant to basal keratinocytes. The (a) HBK and (b) HCS
of basal keratinocytes were analyzed from the en face in vivo HGM images at baseline, week
3, and week 6. Statistical differences were tested using the paired t-test. PSNYL: picosecond
Nd:YAG laser; QSRL: Q-switched ruby laser; HBK: height of basal keratinocytes; HCS:
horizontal cell size; HGM: harmonic generation microscopy.

significant difference in HCS values among the different facial regions at week 3 (89.5± 7 µm2

for the QSRL-treated region; 88.6± 4 µm2 for the PSNYL-treated region; 89.4± 6.3 µm2 for the
normal region) and at week 6 [87.6± 5.6 µm2 for the QSRL-treated region; 88.1± 6.3 µm2 for
the PSNYL-treated region; 88.9± 6.6 µm2 for the normal region; Fig. 7(b)].

4. Discussion

Using an in vivo HGM system before and after laser treatment, we have conducted the slide-free
stain-free longitudinal monitoring of two morphological parameters of basal keratinocytes (i.e.,
HBK and HCS) that are potentially associated with skin senescence in SLs. These parameters
have never been analyzed in this way before owing to the technological limitations of other
competing in vivo imaging systems. Therefore, to our best knowledge, this is the first clinical
study to propose remained enlargement of the basal keratinocytes, with a higher HBK but no
increase in the HCS, even after laser treatment in 25 Asian patients with SLs. Our results are
summarized in Table 1. As pointed out in our previous study, the size of basal keratinocytes
(HCS) was associated with intrinsic skin aging and expected to increase with age [21,26].

Previous studies indicated that the pathogenesis of SLs is probably induced by impairment
of the cellular proliferation and differentiation programs in SLs [27]. Expression of the Ki-67
protein, a marker of keratinocyte proliferation, was observed to be lower in SLs [28]. Lin et al.
[29] reported that Ki-67 expression was higher in the early-mid stages of SLs development and
decreased in the late stage. Moreover, filaggrin and involucrin, both markers of keratinocyte
differentiation, are also expressed in low amounts in SLs lesions [30]. Therefore, such slowed
cellular proliferation and differentiation could lead to the quiescence of enlarged senescent
keratinocytes, resulting in the observed higher HBK in SLs. Herein, we propose that a high HBK
value could be a potential hallmark parameter for characterizing the malfunctioned proliferation
and differentiation of basal cells in SLs. Even though the treatment might reduce the abnormal
HBK height, after either laser treatment, the HBK of SLs lesions remain significantly higher
than normal. Combining this finding with the results of other melanin clearance studies [31,32],
we surmise that laser depigmentation treatment removes excess melanin but lacks the ability to
completely treat the impairments of proliferation and differentiation in SLs. Consequently, the
height of melanin-loaded keratinocytes remains high, rendering the deposition of melanosomes
easy, which could result in the recurrence of SLs or imperfect treatment outcomes [33,34].



Research Article Vol. 12, No. 10 / 1 Oct 2021 / Biomedical Optics Express 6140

Table 1. HBK and HCS analysis results of the in vivo and ex vivo experiments.

HGM images H&E staining images Percentage error

Ex vivo analyses of the HBK (µm)

Tissue 1 (thigh skin) 15.5± 0.7 14.5± 1.5 6.5%

Tissue 2 (armpit skin) 11.9± 1.5 11.1± 0.4 6.7%

Ex vivo analyses of the HCS of basal keratinocytes (µm2)

Skin specimens 1 (armpit skin) 62.9± 1.5 65.4± 16.2 3.9%

Skin specimens 2 (armpit skin) 69.7± 4.8 65.7± 24.1 5.7%

Baseline Week 3 Week 6

In vivo analysis of the HBK (µm)

Left Cheeks (694-nm QSRL) 26.1± 3.7 24± 2.8 24.1± 3.3

Right Cheeks (532-nm QSRL) 25.9± 3.2 23.9± 3 24.9± 2.7

Normal regions 22.2± 1.5 22.4± 2 22.6± 2.6

In vivo analysis of the HCS of basal keratinocytes (µm2)

Left Cheeks (694-nm QSRL) 89.3± 7.3 89.5± 7 87.6± 5.6

Right Cheeks (532-nm QSRL) 90± 6.4 88.6± 4 88.1± 6.3

Normal regions 90.7± 4.5 89.4± 6.3 88.9± 6.6

Among all the non-invasive label-free imaging techniques, optical coherence tomography
(OCT) can be used to obtain histopathological skin images with high penetration capability.
However, because OCT lacks spatial resolution, cellular information on the keratinocytes in SLs
cannot be acquired with this imaging method [35]. Although reflection confocal microscopy
(RCM) may seem to be another attractive choice, as it provides images with a better resolution
and strong contrast owing to the high refractive index of melanin, the limited resolution at the
dermal-epidermal junction still causes the blurred contouring of cells, especially when imaging
those of hyperpigmented skin disorders [35–37]. Hence, studies that have used RCM to observe
changes in the melanin content have not used the method to further investigate the morphological
parameters of basal keratinocytes in SLs. HGM, which combines nonlinear THG and SHG
signals to render high spatial resolutions, have already been proposed for the quantitative analysis
of cellular morphometries [23,38,39]. Moreover, the 1260 nm central wavelength used in HGM
minimizes the tissue scattering, avoids the melanin absorption, and fits within the optical window
of human skin, thus allowing for a high penetration depth and thereby better acquisition of the
morphometrics of the various skin cell layers [40]. Importantly, we have validated the HGM
system through ex vivo analyses, verifying that it can provide not only HCS but also HBK results
equivalent to those obtained by H&E staining. The limitations of this study include the small
number of patients and a short period of follow-up.

5. Conclusion

This study demonstrated the feasibility of in vivo HGM for the longitudinal monitoring of
basal keratinocytes in SLs and the potential use of the HBK as a novel clinical parameter
for characterizing the malfunctioned proliferation and differentiation of these cells. Here, we
disclosed the protocol for the analysis of the HBK through en face HGM image stacks and
validated its correctness through comparison with the gold standard H&E samples. Moreover,
we propose that the HBK mostly remains abnormal after both types of laser treatment and might
lead to the recurrence of SLs or imperfect appearance outcomes.
Funding. Ministry of Science and Technology, Taiwan (106-2221-E-002-156-MY3, 107-2221-E-002-157-MY3,
110-2321-B-002-011).
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